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Abstract

Neutron powder diffraction and inelastic neutron scattering measurements were performed on crystalline tetracene, a molecular semi-
conductor of triclinic crystal structure that adopts a herringbone layered motif, as a function of pressure up to 358 MPa. In combination
with theoretical and simulated computations, these measurements permit detailed characterization of the structural and vibrational
changes of tetracene as a function of pressure. Powder diffraction at 295 K reveals anisotropic modification of the crystal structure with
increasing pressure. Particularly, the unit cell parameters associated with the two-dimensional herringbone layers of the solid state struc-
ture displayed continuous change at all measured pressures, whereas perpendicular to the herringbone layers the structure remains rel-
atively unchanged. The measured compressibilities along the [100], [010], and [001] crystal axes are �3.8 · 10�4, �1.9 · 10�4, and
�3.4 · 10�4 Å/MPa, respectively. Inelastic neutron scattering spectra were collected at several pressures in the 25–75 and 0–25 meV
energy ranges using a filter analyzer and a Fermi chopper time-of-flight spectrometer, respectively. Assignment of the spectral peaks
to specific intramolecular vibrational modes has been accomplished using ab initio density functional theory calculations and the low
energy lattice phonon modes were interpreted from the results of molecular dynamics simulations at 1 atm and 358 MPa. Anisotropic
behavior parallel to that observed in the structural measurements is also apparent in both the intramolecular and lattice phonon vibra-
tional dynamics. Intramolecular vibrations having atomic displacements entirely within the plane of the molecule’s aromatic ring remain
unchanged with increasing pressure while vibrations with atomic displacements perpendicular to the molecular plane shift to higher
energy. The lattice phonons display a similar anisotropy with increasing pressure. Phonon modes propagated within the herringbone
layer are significantly shifted to higher energy with increasing pressure relative to the modes with displacements primarily perpendicular
to the layers. Overall, both the planar internal geometry and the layered arrangement of the tetracene molecules significantly influence
the observed structural and vibrational behavior with increasing pressure.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Organic semiconductors are promising materials for
optoelectronic applications. Crystals and polycrystalline
films based on phenylene, thiophene, and fused ring acene
molecular units have been utilized in the construction of
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functional devices such as light emitting diodes and field
effect transistors [1–8]. In these materials, light emission
and charge transport properties are attributable both to
the internal molecular structure and the molecular packing
in the crystalline solid state. Both the intramolecular and
intermolecular electronic distributions affect the lumines-
cence quantum yield and charge transport properties of
these materials. A deeper understanding of the relationship
between intramolecular and intermolecular interactions
and the internal conformation, relative molecular orienta-
tion, vibrational behavior, and electronic distribution in
molecular solids should promote advancement of func-
tional organic devices.

One approach to tuning inter- and intramolecular inter-
actions in organic semiconductors is to vary the applied
hydrostatic pressure [9–15]. Increasing pressure decreases
intermolecular distances in a crystal, creating increased
electron orbital overlap between adjacent molecules [11].
Qualitatively, one predicts that carrier mobility will there-
fore increase with increasing hydrostatic pressure. Quanti-

tative understanding of the pressure dependence of the
mobility (which is a tensor quantity), however, depends
on knowledge of the carrier transport mechanism and
changes in the crystal structure and vibrational/phonon
spectrum of the material with applied pressure. It has been
found that very clean single crystals of oligoacenes (fused
ring organic semiconductor materials) display an inverse
power law dependence of the mobility on temperature,
which is indicative of delocalized, band-like transport
[16]. On the other hand, other mobility measurements are
susceptible to interpretation of charge carrier transport
through a hopping-like motion [17–21]. In principle, com-
plementary pressure dependent transport measurements,
coupled with theoretical calculations, would allow a more
Fig. 1. The triclinic crystal structure of tetracene depicting the stacking of l
herringbone arrangement within the layers of the ab crystal plane (right). The c
crystal structure, with significantly faster charge carrier transport within the
layers (z-direction).
precise understanding of the role of intermolecular interac-
tions on electronic bandwidth, carrier delocalization and
effective mass, providing further insight into the transport
mechanisms responsible for charge mobility in these
materials.

Pressure dependent charge transport and photoconduc-
tivity have in fact been measured previously in several oli-
goacenes (e.g., anthracene, tetracene, pentacene). For
example, several investigators have observed an increase
of charge carrier mobility with increasing pressure in oli-
goacene crystals [20,22,23]. Photoconductivity experiments
on tetracene (see Fig. 1) as a function of pressure have been
performed by Rang et al. between ambient pressure and
600 MPa [10]. Their results indicated a linear increase in
photocurrent up to �300 MPa, with a drastic reduction
in the photoconductive properties between 300 and
600 MPa. The decrease in photocurrent was attributed to
a reported pressure induced phase transition at 300 MPa
as determined by fluorescence resonance measurements in
a magnetic field [24,25]. A recent Raman spectroscopy
investigation, however, observed that the pressure induced
phase transition of tetracene occurs at pressures much
greater than 300 MPa and that a primary polymorph of
tetracene may contain impurities of second polymorph at
room temperature and ambient pressure [26].

To fully interpret the temperature and pressure depen-
dence of charge transport in organic semiconductor crys-
tals it is also necessary to determine the temperature and
pressure dependence of the crystal lattice parameters and
the vibrational behavior. In this paper, we examine the
pressure dependent physical properties of tetracene by
measuring changes to the structural parameters and the
low energy vibrational dynamics up to 360 MPa. For these
measurements, we have used neutron powder diffraction
ayers in the z-direction (left, perpendicular to the ab crystal plane) and
onduction properties of tetracene depend heavily on the anisotropy of the
two-dimensional herringbone layers in comparison to transport between
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and inelastic neutron scattering (INS). Because neutrons
can be produced with wavelengths on the order of inter-
atomic distances and energies comparable to those associ-
ated with typical harmonic molecular motions, they are
ideally suited for probing both structural features and
dynamic phenomena in molecular solids. Several particu-
larly useful features of this fundamental property utilized
in this investigation. First, owing to the simplicity of the
neutron–nuclei interaction, straightforward comparison
between experimental and theoretical data is possible. Sec-
ond, the large incoherent cross-section of hydrogen pro-
duces vibrational spectra highly selective to the
vibrational modes of the hydrogen nuclei, thereby making
INS well suited to probing hydrogenous molecular materi-
als. Third, symmetry based selection rule limitations of
optical spectroscopy, causing certain vibrational modes to
be ‘‘silent’’, do not apply to inelastic neutron scattering,
meaning that all modes are detectable.

Refinement of the neutron powder diffraction, although
unable to provide the atomic positions, yielded unit cell
parameters for tetracene at 295 K under several pressures.
INS data, collected in the 25–75 meV energy range were
interpreted using an ab initio calculation on a single, iso-
lated molecule in the gas phase. Over the 0–25 meV range,
the vibrational spectra were interpreted through compari-
son with the results of the ab initio calculation and molec-
ular dynamics simulations. Peak shifts in the vibrational
spectra under increasing pressure were assigned to specific
intramolecular vibrations or lattice vibrational modes. It is
anticipated that the results of this study will aid in deci-
phering the pressure dependent transport behavior of tetra-
cene and add to understanding of charge conduction in
conjugated organic semiconductors.

2. Experimental

2.1. Materials and general procedure

Tetracene (C18H12, 98% purity) was obtained from
Sigma–Aldrich and used without further purification.
Approximately 1.4 g of tetracene was lightly ground to a
fine powder, loaded into an aluminum pressure cell of
cylindrical geometry, and placed in an orange ILL liquid
helium cryostat with a 50 mm diameter sample well. The
pressure cell is constructed from a 40 mm diameter cylin-
drical piece of aluminum and is able to reach a maximum
pressure of 400 MPa. The sample compartment is a cylin-
drical opening 5 mm in diameter and 45 mm long. One
end of the cell is sealed using a steel ball and screw mech-
anism and the other end is connected to the pressure inten-
sifier by a stainless steel capillary. The two-stage piston
intensifier system constructed by Harwood Engineering1
1 Trade names or private companies are only mentioned in order to
provide complete identification of the relevant experimental details and is
not intended as an endorsement by the National Institute of Standards
and Technology.
employs a carrier gas, in these experiments helium, to
transmit the pressure from the apparatus to the sample.
Full details of the pressure apparatus and cell can be found
at the NIST Center for Neutron Research website [27].

2.2. Neutron powder diffraction

Neutron powder diffraction data were collected using
the BT-1 32 detector neutron powder diffractometer at
the National Institute of Standards and Technology Center
for Neutron Research (NCNR) in Gaithersburg, MD. A
Cu(311) monochromator with a 90� take-off angle,
k = 1.5402(2) Å, and in-pile collimation of 15 0 were used.
Data were collected over the range of 3–168� 2h with a step
size of 0.05� [28]. The diffraction patterns were analyzed
with the General Structure Analysis System (GSAS) [29]
graphical user interface EXPGUI [30] employing Rietveld
refinement of the unit cell parameters in the 5–36� and
46–55� 2h range. The 36–46� range of the diffraction pat-
terns are excluded from the structural analysis because dif-
fraction in this region is dominated by two large aluminum
diffraction peaks representing the (00 1) and (111) crystal
planes of the pressure cell. The initial conditions used to
refine the diffraction data at atmospheric pressure were
obtained from the crystal structure and atomic positions
given in the TETCEN structure of the Cambridge Struc-
tural Database (space group ¼ P�1; a = 7.90; b = 6.03;
c = 13.53; a = 100.3; b = 113.20; c = 86.30) [31]. At all
other pressures, the initial refinement parameters were the
final results obtained in refining the diffraction data of
the next lower pressure.

2.3. Inelastic neutron scattering

INS spectra, representing the intensity of scattered neu-
trons as a function of energy transfer, were collected up to
75 meV (600 cm�1) using two instruments located at the
NIST Center for Neutron Research. Between 25 and
75 meV (200 and 600 cm�1) the data were collected using
the filter analyzer spectrometer (FANS) located on beam
tube BT-4 [32]. The incident neutron beam collimated to
20/10 0 divergence, yielding an instrumental resolution of
approximately 1.1 meV (�9 cm�1). Although the FANS
instrument is able to collect data up to 220 meV
(1760 cm�1), the spectra of tetracene up to 75 meV con-
tained sufficient peaks indicative of intramolecular vibra-
tions to assess the pressure dependence on the vibrational
dynamics that are primarily dictated by internal molecular
geometry and bonding.

The spectra between 0 and 25 meV (0 and 200 cm�1)
were collected with the Fermi Chopper time-of-flight
(TOF) spectrometer on neutron guide NG-6 [33]. The
TOF data were collected using monochromatic neutrons
with wavelength of 4.8 Å. In this configuration, the TOF
instrument has an energy resolution of less than 0.5 meV
(�4 cm�1) over the experimental energy range. For both
instruments, the sample spectra were corrected for back-



Fig. 2. Background subtracted powder diffraction data (closed circles), fit
(solid line), and residual difference between the fit and data (bottom gray
line). The 2h range between 36� and 46� has been excluded from the fitting
protocol as it contains two large peaks from the aluminum sample cell (see
inset).
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ground scattering by subtracting the spectrum obtained
from the empty pressure cell under identical conditions.

2.4. Ab initio calculations

The harmonic vibrational mode frequencies of tetracene
were determined from ab initio calculations using density-
functional theory in a manner similar to the tetracene anal-
yses performed previously [26,34–36]. These calculations
were executed on a single, isolated tetracene molecule using
the Gaussian98 program module contained in the Cerius2

software package employing the B3LYP density functional
approximation and 6-31-G* basis set [37]. A ‘‘theoretical’’
spectrum for direct comparison with the experimental
INS data was generated by calculating the relative intensity
expected at each vibrational mode frequency. As part of
this analysis, account was taken of the relative neutron
scattering cross-sections and atomic displacements, spec-
tral broadening based on instrument parameters, and an
appropriate Debye–Waller factor similar to that previously
used to simulate spectra for the linear polyacene molecules
naphthalene and anthracene [38]. The calculated vibra-
tional frequencies were not scaled in this analysis, which
is common for comparison of ab initio calculations with
IR and Raman spectra. From these results, it was possible
to assign all of the experimental spectral features in the
data collected using the FANS instrument over 25–
75 meV to specific intramolecular vibrational modes of
the tetracene molecule.

2.5. Molecular dynamics simulations

In order to appropriately model the lattice vibrational
modes MD simulations were performed at 1 atm and
358 MPa on a crystalline system consisting of 5 herring-
bone layers with 180 molecules per layer. The complete
representative crystal containing 900 tetracene molecules
and 27,000 atoms was constructed from the atomic coordi-
nates given in the TETCEN crystal structure [31]. Simula-
tions with smaller numbers of atoms often resulted in
structural changes that were attributed to finite-size effects.
Force-field parameters were derived for the CHARMM-27
analytical potentials and atom types [39]. Gaussian03 [40]
was used to calculate equilibrium bond lengths and angles
from for an isolated tetracene molecule from the crystal
structure using ground state Hartree–Fock using the 6-
31G* basis set. Atomic point charges were calculated using
the RESP methodology [41]. In order to obtain agreement
with experiment in the low energy (<25 meV) range, C–C–
H–C and C–C–C–C improper torsion potentials (80 kcal/
mol/rad2) were required. Three-dimensional periodic
boundary conditions were used and electrostatic potential
energies were calculated using the smooth particle mesh
Ewald sum [42]. Lennard-Jones interactions and the real
space part of the Ewald sum were smoothly truncated at
14 Å (switching from 10 Å). The Nosé-Hoover chain
method was used to control temperature [43] and pressure
[44] using a fully flexible simulation box with multiple-time
step integrators [45] implemented in the program
PINY_MD [46]. The system was simulated for 700 ps at
each condition where the last 200 ps were used for analysis
(time step = 1 fs). Low energy spectra were calculated from
the Fourier transform of the velocity autocorrelation func-
tion of hydrogen atoms [47].

3. Results and discussion

3.1. Neutron powder diffraction

The experimental data and fit results of the neutron
powder diffraction pattern from tetracene at atmospheric
pressure are provided in Fig. 2. Peaks observed in the dif-
fraction data result from constructive interference between
coherent, elastically scattered neutrons. Due to the thick-
ness of the pressure cell, the intensity of coherently dif-
fracted neutrons from the aluminum pressure cell was
much greater than from the tetracene sample (see inset,
Fig. 2). In order to facilitate refinement of the structural
parameters corresponding solely to tetracene, the large
contributions to the diffraction pattern between 2h of 36�
and 46� from the aluminum pressure cell were excluded
from the range of data fit during analysis. Owing to the
large incoherent scattering cross-section of hydrogen
(80.26 barns) in comparison with to the coherent scattering
cross-sections of carbon (1.757 barns) and hydrogen (5.551
barns), the diffraction patterns have a large background
intensity of inelastically scattered neutrons. This back-
ground scattering contributes noise to the data, resulting
in a incoherent to coherent signal ratio that increases as a
function of 2h such that the diffraction data at 2h greater
than 55� does not exhibit discernable diffraction peaks suit-
able for the fitting analysis.

The neutron powder diffraction data collected at atmo-
spheric pressure is qualitatively similar to the data collected
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at all pressures. For each diffraction pattern, the 2h values
and intensity of the fit pattern are in reasonable agreement
with the experimental data. The intensity of the peak at
2h � 7�, corresponding to reflections from the (001) crystal
plane, are systematically underestimated by the fit. This
discrepancy may result from the plate-like morphology of
the crystals causing them to align in a preferred orientation
of the within the sample container, thereby skewing the dif-
fracted intensity from that of an isotropic sample.

Since only the first 15 peaks in the experimental data
were available for refinement, it was not possible to obtain
the atomic coordinates of each molecule in the asymmetric
unit cell using Rietveld analysis. The unit cell parameters,
however, were obtained and are given in Table 1 as a func-
tion of pressure. As expected, the overall volume of the unit
cell decreases with increasing pressure, decreasing from a
value of 576 Å3 at atmospheric pressure to 557 Å3 at
Table 1
The unit cell parameters of tetracene as a function of pressure at 295 K determi
from Ref. [49]

Cell parameters Tetracene refinement results at each pressure, 295 K

1 atm 92.5 MPa 218 MPa

a (Å) 7.872(22) 7.871(24) 7.820(22)
b (Å) 6.055(9) 6.052(10) 6.030(8)
c (Å) 13.42(9) 13.40(10) 13.40(10)
a 101.10(11) 101.26(21) 101.23(9)
b 113.39(30) 113.38(35) 113.54(28)
c 85.94(8) 85.84(9) 85.87(8)
V (Å3) 576 574 568
ab sinc (Å2) 47.5 47.5 47.0
z (Å) 12.08(13) 12.06(11) 12.04(25)

Fig. 3. The unit cell parameters of tetracene as a function of pressure at 295
358 MPa corresponding to an overall change of 3.3%. This
change in volume is nearly half of that observed for anthra-
cene under similar pressure [48], indicating an increased
bulk modulus with the addition of a single fused acene ring.
Further, the unit cell volume at 295 K and 358 MPa of
557 Å3 for tetracene is in close agreement with the 550 Å3

value obtained at 140 K and atmospheric pressure in a pre-
vious X-ray diffraction investigation of tetracene as a func-
tion of temperature [49]. Additionally, within the ab-plane,
the percent decrease in area is 2.5% at 358 MPa. This value
may prove important in explaining pressure-induced con-
ductivity enhancement within these and similar materials.

Changes to the unit cell length and angle parameters of
tetracene as a function of increasing pressure are depicted
in Fig. 3. Between atmospheric pressure and 358 MPa the
percent contraction of the unit cell a parameter is 1.6%
with the b and c parameters each decreasing by 1.1%. While
ned in this study and as a function of temperature at atmospheric pressure

Ref. [49], 1 atm

286 MPa 358 MPa 293 K 140 K

7.775(18) 7.747(14) 7.915(5) 7.74(4)
6.009(12) 5.987(7) 6.065(2) 5.99(2)
13.36(12) 13.27(9) 13.445(12) 13.20(10)
100.39(19) 100.15(7) 101.10(6) 102.4(5)
113.27(31) 113.16(15) 113.31(9) 113.8(9)
86.04(10) 86.14(4) 85.91(4) 86.0(4)
564 557 582 550
46.6 46.3 47.9 46.2
12.06(27) 12.02(12) 12.11 12.04

K obtained by fitting the experimental neutron powder diffraction data.



Fig. 4. Experimental INS spectra of tetracene collected on the FANS
instrument at 100 K (d) and 295 K (s) at ambient pressure and the
density-functional theory calculated spectrum (solid line) in the 25–
75 meV energy range. The vertical lines represent the energy and relative
intensity of the theoretically calculated vibrational modes used to
construct the theoretical spectrum.
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the total contraction observed with regard to each unit cell
length is of relatively the same magnitude, the pressure
dependent behavior differs. A continuous decrease over
the entire pressure range is apparent for the unit cell
lengths associated with the a and b unit cell parameters,
whereas the c parameter remains nearly constant up to
the measurement at 286 MPa with a slight decrease at
358 MPa. When comparing the unit cell length parameters
with those measured at 293 and 140 K (see Table 1) [49],
structural modifications of similar magnitude are observed
with the application of external pressure as with cooling. In
the pressure range measured, the compressibility along the
a, b, and c-directions are �3.8 · 10�4, �1.9 · 10�4, and
�3.4 · 10�4 Å/MPa, respectively. Interesting, however, is
the relatively small change observed in the z parameter in
Table 1. The z parameter is a measure of the vertical dis-
tance between ab crystal planes, indicative of the interlayer
stacking distance. The compressibility in the z-direction
over the full pressure range is �1.2 · 10�4 Å/MPa. For
the most part z remains nearly constant within the preci-
sion of the measurement. Thus, despite relatively large
molecular rearrangements within the crystal, the interlayer
distance between herringbone planes is maintained.

Angles defining the relative orientation of the triclinic
unit cell appear to remain nearly constant (within experi-
mental error) from atmospheric pressure up to the mea-
surement at 218 MPa. At the two measured pressures
above 218 MPa, a decreases, b decreases slightly, and c
increases. As opposed to the unit cell length parameters,
these angles do not follow a similar trend with that
observed in tetracene crystals cooled to 140 K [49]. Rather,
at pressures greater than 218 MPa, a and b both display
behavior opposite that observed in the temperature investi-
gation. Additionally, c increases to a much greater extent
than with cooling.

In general, the pressure dependent behavior of the unit
cell parameters of tetracene parallels the experimental
results from X-ray diffraction data collected on related aro-
matic molecules of anthracene [48,50] and polyphenylenes
[51,52]. Because these molecules have crystal structures
adopting a layered, herringbone motif packing arrange-
ment similar to that of tetracene, interpretation of the neu-
tron diffraction results here follows the discussion of those
previous investigations. Disproportionate decrease in the a

unit cell length as compared with the b parameter in paral-
lel with the distinct increase in c at pressures between 218
and 286 MPa indicates a structural modification that
causes a flattening of the herring bone pattern, meaning
the edge-on-face orientation is converting to a more
pseudo-dimeric p-stacked structure. Compression in the
c-direction causes the long axis of the tetracene molecule
to tilt further out of alignment with the z-direction. These
qualitative conclusions are supported by corresponding
fluorescence measurements collected on tetracene as a func-
tion of pressure indicating relative flattening of the herring-
bone angle by 15� and greater tilting with respect to the ab

layers by �6� to 9� [25].
3.2. Inelastic neutron scattering and ab initio calculation of

tetracene intramolecular vibrational modes in the 25–75 meV

energy range

The experimental INS spectra of tetracene between 25
and 75 meV obtained at 295 and 100 K under ambient
pressure using the filter analyzer spectrometer (FANS)
are shown in Fig. 4. Differences between the overall fea-
tures contained in each spectrum are slight. The lower tem-
perature spectrum, however, displays shifts to higher
energy in some of the spectral peaks and possesses sharper,
better-resolved peaks owing to less thermal motion in the
sample. One discernable difference between the spectra is
the peak observed at approximately 62 meV that is clearly
apparent in the 100 K spectrum, but poorly resolved at
295 K. The small peak apparent in both spectra at
51 meV is due to vibration of the beryllium instrument fil-
ter, not the sample. Overall, the spectra contain several
apparent peaks, each corresponding to the energy of intra-
molecular vibrational modes of the tetracene molecules.

Also included in Fig. 4 is a theoretical spectrum con-
structed from the results of an ab initio density functional
theory calculation performed on a single, gas-phase tetra-
cene molecule using the Gaussian98 program [37]. The ver-
tical bars on the bottom of the graph depict the frequency
and relative intensity of the predicted vibrational modes,
regardless of vibrational symmetry, which were used to
construct the theoretical spectrum. On the whole the theo-
retical spectrum replicates, the features of the experimental
spectra collected using the FANS instrument remarkably
well in terms of both the intensity and energy of the spec-
tral features. A noticeable distinction between the experi-
mental and theoretical spectra are the relative intensity of
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the peak at �40 meV and the slightly higher energy pre-
dicted by the theoretical calculation for the experimental
peaks at �62 and �68 meV. The overall similarity between
the features of the experimental data and the theoretical
prediction, however, is adequate to draw reliable correla-
tions between the spectra. Since the ab initio calculation
is unable to account for intermolecular lattice phonon
modes, the ability of the single molecule gas phase calcula-
tion to account for all of the experimental features over the
25–75 meV energy range indicates that the peaks observed
in the data are due exclusively to intramolecular vibrations
that do not appear to be affected by any increase in density
of the crystal structure with cooling. Because only intramo-
lecular vibrations are involved over this energy range,
changes in the vibrational behavior with cooling indicate
the effect of increasing steric intermolecular interactions
on the internal vibrations – governed by the molecular
geometry and covalent bonding. As a result, changes to
these spectra from a phase transition would only be appar-
ent when the resulting changes to the intermolecular orien-
tations caused relatively large modifications to the
intermolecular energetics causing them to achieve magni-
tudes comparable with the intramolecular covalent bonds.
Changes to the vibrational energies due to the reported
phase transition at 170 K [24], therefore, are most likely
not discernable in the spectra.

Quantitative comparison between the INS spectra col-
lected on the FANS instrument and that of the theoretical
calculation over 25–75 meV is given in Table 2. Each peak
in the experimental spectra was fit by a Gaussian line-shape
of variable width to obtain the peak energy. Inspection of
the changes to the experimental peak energies as a function
of cooling indicates some peaks are more strongly affected
by cooling than others. The peaks measured at 26.6 and
40.1 meV at 295 K display the largest shifts with respect
to cooling by shifting by 0.5 and 0.4 meV, respectively,
Table 2
Experimental peak and theoretically determined vibrational mode energies
of tetracene, corresponding to peaks observed in the INS spectra between
25 and 75 meV collected under ambient pressure (1 atm) at 100 and 295 K
using the FANS instrument

Peak 100 K 295 K Ab initio calculation

E (meV) E (meV) E (meV) Intensity

6 27.1 26.6 24.4 0.61
7 34.0 33.7 34.2 0.47
8 37.6 37.5 37.9 0.52
9 40.5 40.1 39.8 0.37

40.2 0.60
10 47.4 47.2 47.9 0.72
11 54.3 54.4 55.6 0.57
12 59.0 59.0 59.9 1.00

60.2 0.97
60.9 0.77

13 62.5 62.5 63.1 0.35
65.1 0.65

14 68.4 68.2 70.4 0.37
71.0 0.68
with the 195 K temperature decrease to 100 K. Further-
more, as is apparent from comparison between the theoret-
ical and experimental spectra collected at 100 K, the
experimental peaks at �27.1, 34.0, 37.6, 47.4, and
54.3 meV each result from a single, non-overlapping vibra-
tional mode. The remaining peaks, at 40.5, 59.0, 62.5, and
68.4 meV, are due to the overlap of multiple vibrational
modes.

Schematic illustrations of the atomic displacements cor-
responding to all ab initio calculated intramolecular vibra-
tional modes of tetracene between 0 and 75 meV are
provided in Fig. 5. From these illustrations and the corre-
lation between experimental and theoretical spectra pro-
vided in Fig. 4 and Table 2, the atomic displacements of
distinct intramolecular vibrational modes can be assigned
to the spectral peaks in a rather straightforward manner.
The vibrational modes can be classified into two generic
categories relative to the plane defined by the aromatic
rings of the molecule. Vibrations with atomic displace-
ments parallel to the plane of the tetracene molecule occur
at 20.4, 37.9, 39.8, 55.6, 63.1 and 71.0 meV (illustrated as
face-on in Fig. 5). The vibrational modes at 7.1, 11.5,
19.0, 40.2, 47.9, 59.9, 60.2, 60.9, 65.1, and 70.4 meV corre-
spond to atomic displacements perpendicular to the plane
of the tetracene molecules (illustrated as edge-on in Fig. 5).

Fig. 6 depicts the INS spectra of tetracene collected as a
function of pressure over the 25–75 meV energy range at
100 and 295 K. At 295 K the spectra are shown for pres-
sures of 1 atm, 218 MPa and 358 MPa; whereas, at 100 K
only the spectra at 1 atm and 358 MPa are shown. The
pressure-induced changes to the spectra observed at both
100 and 295 K display similar behavior despite the differ-
ence in temperature. As such, these results support the con-
clusion that cooling and pressure appear to have a similar
affect on the intramolecular vibrations within the experi-
mental temperature and pressure ranges. Inspection of
the spectral changes with increasing pressure indicates that
the peaks in the 295 K spectra at roughly 26, 34, 40, 47, and
59 meV are shifted to higher energy; whereas, the remain-
ing peaks near 37, 54 and 68 meV appear unchanged by
the increase in pressure. The shoulder observable at
62.5 meV at 1 atm and 295 K also appears unchanged by
compression of the crystal lattice.

An overall summary of the peak positions correspond-
ing to molecular motions of tetracene as a function of pres-
sure at 295 K is provided in Table 3. Each peak observed in
the 25–75 meV energy range collected with the FANS
instrument is listed for several pressures between atmo-
spheric and 358 MPa. The listed peak energy was obtained
by individually fitting the experimental peaks with a Gauss-
ian line-shape of variable width, with the peak energy
recorded as the location of the center of the Gaussian
curve. Peak numbers were assigned similar to Table 2.
The peak list begins with peak 6 since, as will be shown
below, the low energy spectrum between 0 and 25 meV
contains the peaks designated 1–5. Unfortunately, the peak
observed at 62.5 meV could not be sufficiently resolved at



Fig. 5. Schematic representation of the atomic displacements of the theoretically calculated vibrational modes of tetracene between 5 and 75 meV as
determined by ab initio calculation. The relative magnitudes of the arrows correspond to the atomic displacement in one-quarter of the overall vibration.
Energies are provided in units of meV (1 meV � 8 cm�1).
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any pressure other than 1 atm to be able to provide that
peak’s energy at elevated pressures.

Quantitative analysis of the influence of increasing pres-
sure on the energetics of tetracene is possible by inspection
of the magnitude of the peak shift as a function of pressure
represented by the value D. The magnitude of the peak shift
for an individual peak was ascertained by a linear fit of the
peak center as a function of pressure. The greater the value
of D, the more a peak is shifted to higher energy with
increasing pressure. As such, those vibrational modes most
significantly affected by compression of the crystal lattice
have larger values of D. To facilitate comparison of these



Fig. 6. Ambient and high pressure experimental INS spectra of tetracene
collected using the FANS instrument at 295 K (top) and 100 K (bottom).
The ambient pressure data are depicted by open circles (s) at 295 K and
filled circles (d) and 100 K. The spectra collected at 218 and 358 MPa are
indicated by the dashed line (295 K only) and solid lines, respectively.
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results with the vibrational modes depicted in Fig. 5, the
table also contains a column representing the relative
atomic displacement, either parallel (k) or perpendicular
Table 3
Peak energies observed in the experimental INS spectra of tetracene between

Peak 1 atm 108 MPa 223 MPa 299 MPa

(meV) E (meV) E (meV) E (meV)

6 26.6 26.8 27.1 27.3
7 33.7 33.7 33.9 34.0
8 37.5 37.5 37.5 37.5
9 40.1 40.4 40.4 40.6

10 47.2 47.2 47.2 47.3
11 54.3 54.3 54.2 54.3
12 59.0 59.2 59.2 59.2
13 62.5 – – –
14 68.2 68.2 68.3 68.3

The peak shift (D) is quantified as the slope obtained by fitting the peak energ
given in parentheses. The relative atomic displacement of the vibrational m
calculation and atomic trajectories provided in Fig. 5 and designated as perpe
(?) to the molecular plane, of the vibrational modes
assigned to the experimental peaks.

Examination of the magnitude of the peak shifts with
respect to pressure and the relative atomic displacement
indicates application of pressure has an anisotropic effect
on the intramolecular vibrational modes of tetracene. The
peaks observed at 37.5 and 54.3 meV at 1 atm, the only
peaks consisting solely of motions parallel to plane of the
molecule, display negligible changes with increasing pres-
sure up to 358 MPa. All remaining spectral peaks contain
vibrational modes with atomic displacements perpendicu-
lar to the molecular plane and demonstrate pressure depen-
dent increases in energy. In addition to the anisotropy, one
would expect a greater change to the intramolecular vibra-
tional modes at lower energy since these modes would tend
to be more strongly affected by an increase in steric inter-
molecular interactions caused by compression of the crystal
lattice [53]. Overall, the results between 25 and 75 meV sup-
port a conclusion that intramolecular vibrational modes
perpendicular to the plane of the molecule represent the
only vibrations that are significantly affected by increasing
pressure to 358 MPa.
3.3. Inelastic neutron scattering and molecular dynamics

simulation of tetracene intramolecular vibrational and lattice

phonon modes in the 0–25 meV energy range

Low energy spectra collected between 0 and 25 meV
energy transfer on tetracene at 100 and 295 K under ambi-
ent pressure using the time-of-flight (TOF) instrument are
shown in Fig. 7. It should be noted that the TOF instru-
ment measures the energy transferred from a molecular
vibration to an incident neutron; hence, the abscissa of
plots for this instrument are given in negative energies. This
instrumental feature merely represents a sign change in the
vibrational spectra that is of no account to a full descrip-
tion of the low energy dynamics. Because the TOF instru-
ment is fairly sensitive to the thermal energy of the sample,
the peaks of the low temperature spectrum are much shar-
per than at 295 K. Additionally, the 100 K data are system-
atically shifted to slightly higher energy due to compression
25 and 75 meV at 295 K under increasing pressures

358 MPa D · 103 (meV/MPa) Ab initio atomic
displacement

E (meV)

27.4 2.4 (0.1) ?
34.0 0.9 (0.2) ?
37.5 0.1 (0.1) k
40.7 1.5 (0.2) k & ?
47.5 0.7 (0.3) ?
54.3 �0 (0.1) k
59.4 0.9 (0.2) ?
– – k & ?
68.3 0.3 (0.2) k & ?

y as a function of pressure to a straight line with the uncertainty in slope
odes responsible for the spectral peak were assigned from the ab initio
ndicular (?) or parallel (k) to the molecular plane.



Fig. 7. Experimental INS spectra of tetracene collected on the TOF
instrument at 100 K (d) and 295 K (solid line only) at ambient pressure
along with the energy and relative intensity of the ab initio calculated
intramolecular vibrational modes (vertical lines) obtained from the
density-functional theory calculation in the 0–25 meV energy range.

Table 4
Experimental peak and theoretically determined vibrational mode energies
of tetracene, corresponding to peaks observed in the INS spectra between
0 and 30 meV from data collected using the FCS instrument

Peak 100 K 295 K Ab initio calculation

E (meV) E (meV) E (meV) Intensity

1 4.2 3.7
2 6.6 5.9

7.09a 0.44
3 12.2 11.3

11.53a 0.63
4 17.3 16.6
5 20.9 20.9 18.97 0.46

20.36 0.49

a While these calculated vibrational energies cannot be directly assigned
to any particular spectral peak, they have been included in this table for
completeness.
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of the crystal lattice upon cooling (see Table 4). Other than
the change in peak sharpness and shift to slightly higher
energy, however, the similar features of both spectra indi-
cate the low energy spectra are not particularly sensitive
to any phase transition upon lowering temperature. The
inability to detect changes in the lattice modes from the
phase transition is likely due to the modest changes in
the molecular orientation of the crystal structure associated
with the transition that result in subtle changes to the spec-
trum that cannot be discerned from the broad dispersion
contained in the peaks. Such result is not surprising
because INS measures the vibrational energies at all points
within the crystal and subtle changes to the molecular ori-
entations may not significantly alter the full dispersion of
the vibrations so as to be distinguishable in the INS spec-
tra. Raman scattering, on the other hand, is sensitive to
these subtle changes in the low energy vibrations because
it measures the vibrational energy at only one point in
the lattice, at the zone center.

The TOF spectra at 100 and 295 K indicate 5 total
peaks: a small peak at �4 meV, three broad peaks between
5 and 19 meV, and a relatively strong intensity peak at
�21 meV. The breadth of these peaks is due to strong pho-
non dispersion across the Brillouin zone at low energy and
overlapping contributions of multiple vibrational modes.
Since INS measures the vibrational energies at all points
within the crystal, peaks in the INS spectra tend to be cen-
tered at a median energy representing a ‘‘zone-averaged’’
energy, whether at the zone center or otherwise. The peak
shape of the INS spectrum is the result of the particular dis-
persion associated with the vibration responsible for the
peak. As opposed to vibrational modes at higher energies
that tend to have little dispersion, discrepancies between
experimental peaks observed in both Raman and INS at
low energies are often attributable to whether the technique
is sensitive to dispersion. Such differences between the tech-
niques can account for the differences in the spectra of this
study and that of a previous Raman investigation of tetra-
cene [26].

The energy and intensity of the ab initio calculated intra-
molecular vibrational modes up to 25 meV are also graphi-
cally depicted in Fig. 7 and provided in Table 4 for
comparison with the experimental measurements. While
the validity of a calculation that does not account for the
crystal lattice is questionable since low energy lattice pho-
non modes occur in this energy range, the four theoretical
intramolecular ab initio modes found in this study are nearly
identical to those obtained by lattice-dynamical calculations
performed on ‘‘rigid’’ tetracene molecules [53]. More specif-
ically, the experimental peak at�21 meV can be assigned to
an overlap of the two theoretical intramolecular modes cal-
culated at 19.0 and 20.4 meV. The slight underestimation of
the energy of these two vibrational modes by the ab initio
calculation is either the result of dispersion toward higher
energy in the modes unaccounted for by the calculation or
a change in the energetics induced by intermolecular forces
from the adjacent molecules of the crystal causing the peak
to shift to an energy higher than predicted. A similar result is
observed in Raman experiments at 21.02 meV [53]. The sim-
ilarity in energy between the Raman and INS measurements
implies little dispersion in the energy of these vibrations.
Yet, due to the symmetry based selectivity rules of optical
spectroscopy, contributions to this Raman observed feature
is solely due to vibration of Ag symmetry calculated at
19.0 meV. Contribution from the calculated mode at
20.4 meV, which adds to the intensity of the INS spectral
peak, is not present in the Raman scattering since the vibra-
tion has Au symmetry. The peak thus contains one parallel
and one perpendicular mode in relation to the molecular
plane (see Fig. 5). The accuracy of the energy calculated
for the two lowest perpendicular intramolecular modes at
7.10 and 11.5 meV is questionable since low energy modes
are typically more sensitive to intermolecular forces than
those possessing higher energies. Most likely, these intramo-
lecular modes contribute intensity to the low energy spectra
but mix significantly with lattice phonon modes and, hence,



Fig. 8. Comparison between the experimental INS spectra collected using
the TOF instrument and molecular dynamics calculated spectra at 295 K
under ambient pressure (solid line) and at 358 MPa (dashed line) over the
0–25 meV energy range.
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cannot be explicitly assigned to any spectral peaks [26]. Sim-
ilar results have been observed previously for the low energy
vibrational modes of other polyacenes including anthracene
[54] and pentacene [55].

In order to get beyond the limitations inherent in the
ab initio calculation, we performed molecular dynamics
simulations on a sufficiently large construction of the crys-
tal structure such that it was possible to model the full low
energy spectra collected on tetracene using the TOF instru-
ment. The MD simulations include dynamic contributions
from both intramolecular vibrations and lattice phonon
modes and should, therefore, account for all molecular
motions that occur. Additionally, because the crystal struc-
ture is included in the simulation it is possible to calculate
directly the low energy vibrational behavior at elevated
pressure, which is not possible in the ab initio calculations.
As a check on the validity of the modeled crystal structures,
the unit cell parameters of the equilibrated structures at
both 1 atm and 358 MPa were compared with the unit cell
parameters from the neutron powder diffraction (Table 5).
Overall, the MD equilibrated structures conform reason-
ably well with the experimental results with a difference
of 5% between the simulated and measured unit cell vol-
umes and a correspondence in each of the unit cell param-
eters greater than 98% at 1 atm and 97% at 358 MPa.

Fig. 8 contains the experimental INS spectra collected at
1 atm and 358 MPa and 295 K and compares them with the
results of the molecular dynamics simulations under identi-
cal conditions. The energy of the five distinct peaks
observed in the experimental TOF data at several pressures
between 1 atm and 358 MPa are listed in Table 6. It should
be mentioned that the peak shifts collected in the table are
nearly linear for each peak over the full pressure range.
Examining the magnitude of the peak shifts with pressure
shows that not all peaks are similarly affected by increasing
pressure. Specifically, the experimental peaks apparent at
approximately 12 and 17 meV exhibit relatively large shifts
to higher energy whereas, the roughly 4, 6 and 21 meV
peaks display significantly less of this behavior.

Inspection of Fig. 8 reveals remarkable overall qualita-
tive agreement between the energy and relative intensity
Table 5
Optimized unit cell parameters and percent difference with the neutron
powder diffraction results of the molecular dynamics energy minimized
structures of tetracene at 1 atm and 358 MPa

Cell parameters 1 atm % Difference,
1 atm

358 MPa % Difference,
358 MPa

a (Å) 8.02 1.88 7.93 2.37
b (Å) 6.17 1.90 6.10 1.89
c (Å) 13.67 1.90 13.52 1.91
a 102.53 1.42 102.53 2.38
b 113.39 �0 113.38 0.19
c 85.94 �0 85.94 �0.23
V (Å3) 606.27 5.27 586.45 5.32
ab sinc (Å2) 49.36 3.92 48.25 4.21
Z (Å) 12.25 1.41 12.11 0.75
of the features contained in the experimental and simulated
spectra at both 1 atm and 358 MPa. Such straightforward
similarity promotes confidence in the validity of the molec-
ular dynamics results. In fact, both methods indicate iden-
tical shift in the spectra with energy. For instance, the
1 atm results of the MD simulation show a very slight kink
in the spectra at around 3 meV and four broad peaks cen-
tered at approximately 5, 12, 19, and 23 meV. These fea-
tures match the peaks contained in the experimental
spectra at 3.7, 5.9, 11.3, 16.6 and 20.9, respectively. At
358 MPa, the correlation between the experimental and
simulated spectra is comparable with that at 1 atm with
two exceptions. First, the kink in the MD spectrum corre-
sponding to the lowest energy experimental peak at
4.2 meV at 358 MPa is more discernable. Second, the fea-
ture in the MD spectrum corresponding to the 18.0 meV
experimental peak appears as a low energy shoulder on
the much more intense peak at �23 meV.

Deconvolution of the overall powder-averaged low
energy MD spectra at 1 atm and 358 MPa (Fig. 8) into con-
tributions from motions within the ab-plane of the herring-
bone layers and the z-direction perpendicular to the
herringbone layers are provided in Fig. 9. Overall, the in-
layer spectra display several features across the full energy
range up to 25 meV. The z-direction spectra, on the other
hand, only display two broad peak-like features that are
concentrated to two distinct energy ranges. The lowest
energy features, which correspond to phonon acoustical
modes, in the z-direction is a few meV lower than in the
layer. It appears, therefore, that the lowest energy peak
observed in the experimental spectra at roughly 4 meV is



Table 6
Peak energies observed in the experimental INS spectra of tetracene between 0 and 25 meV at 295 K under increasing pressures

Peak 1 atm 108 MPa 223 MPa 299 MPa 358 MPa D · 103 (meV/MPa) Ab initio atomic
displacement(meV) E (meV) E (meV) E (meV) E (meV)

1 3.7 3.9 4.1 4.2 4.2 1.5 (0.1)
2 5.9 6.1 6.3 6.5 6.6 1.9 (0.1) ?
3 11.3 11.9 12.6 12.8 13.1 4.9 (0.4) ?
4 16.6 17.3 17.6 17.9 18.0 3.9 (0.4)
5 20.9 21.1 21.2 21.3 21.4 1.3 (0.1) k & ?
The magnitude (D) and uncertainty (in parentheses) of the peak shift is the slope obtained by fitting the peak energy as a function of pressure to a straight
line.

Fig. 9. Comparison of the MD calculated spectra for tetracene at 1 atm
(solid line) and 358 MPa (dashed line) for vibrational motions occurring
within the herringbone layer (in the ab-plane of the unit cell) and projected
along the z-direction perpendicular to the herringbone layers.

Fig. 10. Comparison of the MD calculated spectra for tetracene at 1 atm
(solid line) and 358 MPa (dashed line) projected along the a, b and c unit
cell directions between 0 and 25 meV.
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the result of the phonon acoustical mode in the z-direction.
The experimental peaks near 6 and 21 meV contain contri-
butions from molecular motions both within and perpen-
dicular to the herringbone layer. This observation for the
peak at 21 meV is consistent with the assignment of the
peak to two intramolecular vibrational modes – one with
atomic displacements entirely within the ab-plane, the
other with displacements both in the ab-plane and z-direc-
tion. The experimental peaks at 1 atm observed at 11.3 and
16.6 meV are strictly due to vibrational modes that occur
within the ab-plane.

A main distinguishing feature between the ab-plane and
z-direction spectra is the significant shift to higher energy
of the in-layer spectra, compared with the minimal change
to the perpendicular-to-layer spectra, with increasing pres-
sure. In fact, the large shift in the experimental peaks at 12
and 17 meV with increasing pressure are reproduced extre-
mely well in the ab-plane spectra. This indicates that the
low energy lattice phonon modes within the herringbone
layer are much more sensitive to compression of the crystal
lattice than those that are perpendicular. This observation
parallels the results obtained in the pressure measurements
conducted in the 25–75 meV range. Hence, the affect of
pressure on the vibrational behavior of both the intramo-
lecular vibrations and lattice phonon modes is anisotropic
relative to the layering motif of the crystal structure.

The MD results partitioned into contributions from
molecular motions projected along the unit cell axes are
given in Fig. 10. The spectra projected along the a and b



Table 7
Assignment of the low energy spectral peaks observed at 295 K and 1 atm
relative to the herringbone layer and unit cell axes of tetracene as
interpreted from the MD simulation results

Peak Experimental INS
peaks at 295 K, 1 atm

MD assignment
relative to
herringbone layer

MD assignment
relative to unit
cell axes

E (meV)

1 3.7 z c

2 5.9 z, ab-plane a, b, c

3 11.3 ab-plane aa

4 16.6 ab-plane aa

5 20.9 z, ab-plane a, b, c

a Although some contribution from the b and c directions is present in
these peaks, the majority of peak intensity is due to vibrational displace-
ments in the a direction.
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axes are motions that occur entirely within the herringbone
layers. Owing to the triclinic crystal symmetry, however,
results in the vibrational spectra in the c direction incorpo-
rate motions that are both within and perpendicular to the
herringbone layers. Comparing the spectra along the a and
b axes permits general features of the ab-plane spectra to be
assigned to particular directions within the crystal. Gener-
ally, differences in the spectra referenced to the crystal cell
as a function of pressure are greatest in the a-direction. In
fact, the two experimental peaks displaying the greatest
pressure dependent behavior are primarily due to motions
occurring in the a-direction. The ab-plane peak at 23 meV
incorporates molecular displacements in both the a and b-
direction in almost exactly the same proportion. However,
the ab-plane peak at �6 meV has somewhat more motion
projected along the b-direction relative to the a-direction.
The overall results of this qualitative assignment of the
experimental peaks to the unit cell axes has been performed
and are given in Table 7 with the assignments relative to
the herringbone layer.

4. Conclusions

The crystal structure and vibrational dynamics of tetra-
cene display strongly anisotropic behavior with increasing
pressure. The pressure-dependence of the distance and ori-
entation between adjacent molecules is greater within the
herringbone layers of the ab crystal plane as opposed to
the z-direction perpendicular to the layers. Additionally,
changes to both the intramolecular vibrations and lattice
phonon parallel the changes observed in the structural
anisotropy. Using an ab initio calculation to assign spectral
peaks to distinct intramolecular vibrational modes makes
clear that intramolecular vibrations with displacements pri-
marily perpendicular to the molecular plane are shifted to
higher energy, whereas the intramolecular vibrations that
occur within the molecular plane appear constant up to
the maximum pressure. The remarkable similarity between
the spectra obtained experimentally and by molecular
dynamics simulation at both 1 atm and 358 MPa permits
the low energy phonons modes to be assigned to particular
crystal directions. From these results, the lattice phonon
modes are also more strongly affected by increasing pres-
sure if they occur in the layers. Since conduction of tetra-
cene occurs within the herringbone layer, the structural
and vibrational features of this study should contribute
to a comprehensive understanding of the conduction
behavior of tetracene and other similar oligoacene organic
semiconductors.
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